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Decades of lineage tracing and loss-of-function studies identified transcriptional regulators required for cardiac differentiation and morphogenesis. The overarching theme from these studies is that gene regulatory network disruption in distinct subsets of cells is devastating for cardiogenesis, despite the relatively normal development of the remaining heart. This observation is consistent with, and begins to explain, clinical manifestations of congenital heart disease (CHD) where discrete regions of the heart are malformed [1] [2] [3] . The range of defects is broad, reflecting the numerous cell types involved, and the high susceptibility to perturbation makes CHD the most common birth defect worldwide 1 . Human mutations in essential transcription factors and signaling proteins point to key nodes in regulating distinct heart regions but understanding how gene regulatory network disruption in individual cells contributes to CHD remains unknown. Early efforts to map cardiogenesis at the single-cell level by sequencing hundreds of cells were consistent with recognized heterogeneity of the major cell types [8] [9] [10] . However, to gain sufficient resolution to interrogate smaller pools of cellular subtypes required for cardiogenesis, and to investigate gene network disruption in those cell subsets, it may be necessary to study tens of thousands of cells, recognizing that only 1-2 % are specifically disrupted in disease. We addressed this need with droplet-based single-cell RNA-sequencing (scRNAseq), which allowed construction of an unbiased high-resolution molecular framework of early normal and abnormal cardiogenesis.
The heart develops from diverse cell lineages specified from two distinct pools of cardiac progenitor cells (CPCs): the first heart field (FHF) and second heart field (SHF) [1] [2] [3] . To identify transcriptional drivers of cardiac cell fate determination and morphogenesis at the single-cell level,
we sequenced cells from the cardiogenic region in mouse embryos at three developmental stages: 4 1) as CPCs begin to differentiate and form a late cardiac crescent at embryonic day (E) 7.75; 2) as the FHF forms a linear heart tube that begins beating and the SHF migrates into the anterior and posterior poles of the tube (E8.25); and 3) as the heart tube loops and incorporates the SHF-derived right ventricle (RV) and atrium with the FHF-derived left ventricle (LV) (E9.25) (Fig. 1a) . We Table   1 ) 11, 12 . To assign population identities, we cross-referenced the most highly and uniquely expressed genes in each population with known cardiac subtype markers and in situ hybridization data from the literature ( Table 2) .
Our clustering analysis revealed that we captured transcriptomes characteristic of the FHF, the anterior and posterior heart field domains of the SHF (AHF and pSHF, respectively), and the cardiomyocyte subtypes specified from these CPC sources (ventricular, outflow tract, atrial, atrioventricular, and sinus venosus). We detected three subpopulations of the endocardial/endothelial lineage: hematoendothelial precursors, specified endothelial/endocardial cells and endocardial cells undergoing an endothelial-to-mesenchymal transition typical of valve development (Fig. 1d) . We also identified non-cardiomyocyte cell lineages that contribute to cardiac morphogenesis, including epicardial cells and septum transversum cells, from which epicardial cells are derived (Fig. 1b, d ) 13 Table 2 ). In addition to canonical AHF and pSHF cells, we identified a second AHF (AHF2) and two pSHF (pSHF2, pSHF3) populations. AHF2 and pSHF2 were derived from E7.75 and >50%
of cells in each population co-expressed the left sided genes Nodal, Lefty2 and Pitx2, 18 suggesting that these populations contained left-right asymmetrically patterned progenitor cells (Fig. 2b,c) .
Differential gene expression tests between Pitx2-positive (normalized UMI > 0.1) and Pitx2-negative (normalized UMI < 0.1) cells in AHF2 and pSHF2 identified genes with putative 6 asymmetric expression associated with these left-right asymmetric markers (Supplementary Table 2 ). The pSHF3 population was of unknown specification and was enriched in expression of genes such as Hoxd1, Hand1, Krt8, Msx1 and Twist1 and represents a novel progenitor population that will require lineage tracing to determine its contribution (Fig. 2a, b, c) . Strikingly, we found three distinct Tnnt2+/Isl1+ double positive populations likely representing the earliest transcriptional states of specified LV CMs, OFT/RV CMs and atrial CMs from the early FHF, AHF, and pSHF, respectively (Fig. 2a, b) . Pairwise differential gene expression tests identified several genes previously unrecognized to be relatively specific for these cardiac subtype precursors (e.g., Arl4a, Vegfc and Upp1 (atrial), Nav1, Spry1 and Dusp14 (OFT/RV), and Kcng2 (LV) ( Fig. 
2c; Supplementary Table 2).
We subdivided the ventricle (V) population (Fig. 1b) Fig. 3b) . Cluster 3 appears to represent the cardiogenic anterior visceral endoderm, expressing genes such as the Wnt antagonist Dkk1 and factors such as Otx2
and Gsc, (Extended Data Fig. 3c ) revealing the undescribed transcriptome of this, and other, specific endodermal populations 20 . For example, we identified Wnt5a, a non-canonical Wnt ligand, enriched in cluster 1 that co-expressed Bmp4 (Extended Data Fig. 3b ). While Wnt5a is expressed and required in the SHF 21 , its expression in the endoderm at E7.75 was unappreciated, as broader transcriptomes of cardiogenic endoderm were not formerly accessible. It is intriguing to consider whether the spatial positioning of these endoderm populations relative to the adjacent cardiac mesoderm may determine specification of diverse myocardium subtypes.
The AHF and pSHF give rise to chamber (RV or atria, respectively) and non-chamber (OFT or AVC/sinus venosus, respectively) myocardial lineages. However, the molecular regulators governing differential specification of these lineages are unknown. To identify such lineage specifiers using scRNA-seq data, we applied a Boolean network-based computational method that systematically predicts cell-fate determinants in a system where a parent progenitor cell differentiates to two daughter cells representing different fates 4, 5 (see Methods) ( Fig. 2f) . The appearance of Id2 as a specifier of both RV and atrium myocardium from their respective progenitor compartments suggests that it may broadly regulate chamber myocardium specification in the SHF. Shox2 regulates the sinus venosus fate, in part by repressing Nkx2-5 22 , and its identification served as a positive control for this analysis. However, it was curious that Hand2 8 was predicted as a lineage specifier for the OFT, but not the RV, as global deletion of Hand2 causes lethality by E10.5 secondary to severe RV hypoplasia 6 . This phenotype is recapitulated upon conditional deletion of Hand2 in the SHF, underscoring the requirement of Hand2 in this progenitor compartment 23 . How RV hypoplasia occurs is unknown, in part due to an inability to access individual progenitor cells that may be disrupted early during specification. To resolve the discrepancy of the predicted lineage-specifying function of Hand2 in the OFT, but not RV, and the morphologic loss-of-function consequence, we investigated the effects of Hand2 deletion on the fate and behavior of AHF progenitors using single-cell analyses.
We analyzed transcriptomes of nearly 20,000 control and Hand2-null cells captured at 24 ( Fig. 3d) . Smyd1 regulates Hand2 expression 24 , and our data suggest a possible feedback regulatory mechanism between these two genes. Similarly, Rgs5, which we identified as a marker of the SHF, was downregulated in Hand2-null cells at E7.75 and E8.25, confirmed by in situ hybridization, indicating failure of normal SHF progenitor identity (Fig. 3d, h ).
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SHF cells undergo a binary decision to adopt an anterior or posterior lineage 17 and we explored whether this lineage decision is disrupted upon Hand2 loss. We found that Crabp1 and
Crabp2 were reciprocally dysregulated in Hand2-null AHF cells at E7.75 (Fig. 3d) . These genes are opposing regulators of retinoic acid (RA) signaling, which is involved in posteriorization of SHF progenitors, resulting in a more atrial fate 7, 25 . Crabp1 is high in the AHF and sequesters RA to facilitate its catabolism, whereas Crabp2, which promotes RA nuclear transport and subsequent transcriptional activation 26, 27 , is low in AHF cells but high in pSHF cells. In Hand2-null AHF cells, Fig. 5b) . Strikingly, Hand2-null cells were severely depleted in the OFT lineage (Fig. 3k) . In contrast, Hand2-null cells populated the RV lineage in numbers comparable to control cells. These data suggest differential perturbations in OFT-and RV-fated cells upon Hand2 loss; whereas OFT-fated cells had disrupted specification, RV cells were appropriately specified, consistent with the lineage-specifier analysis. However, this is discrepant with histological evidence that Hand2-null embryos have no discernible RV chamber at E8.25 or E9.25 6 . To resolve this and determine the nature of the still-specified Hand2-null RV cells, we analyzed control and Hand2-null progenitor transcriptomes captured at E9.25 ( Fig. 4a,   b) . Expression overlap between the ventricle-specific gene Irx4 and the newly identified RVenriched Cck gene, as well as exclusion of LV genes Hand1 and Cited1, indicated the presence of two distinct RV populations ( Fig. 4c; Extended Data Fig. 6a) . Notably, each population exclusively comprised control or Hand2-null cells, suggesting that RV cells are indeed present in
Hand2-null hearts at this stage despite the absence of the RV chamber (Fig. 4b) .
To explore the underlying mechanism for defective RV chamber formation, we investigated if RV-specified cells were mis-localized during development. In-situ hybridization revealed Irx4+/Cck+ cells marking the RV behind the LV in the area of the OFT, suggesting a migratory defect (Extended Data Fig. 6b) . Consistent with this, Mtus2, Nrp1 and Nrp2, which are involved in cellular migration and guidance cues 33, 34 , were severely downregulated in Hand2-null E8.25 OFT/RV cells (Fig. 4d) . In contrast, the chemotactic secreted ligands, Cxcl12 35 and Sema3c, were prematurely upregulated in those cells. Sema3c is typically expressed in OFT myocardium to attract PlexinA2-positive neural crest cells 34 . Strikingly, in Hand2-null embryos, Sema3c-positive cells accumulated in the pharyngeal mesoderm behind the heart instead of populating the cardiac outflow tract (Fig. 4e) , in agreement with arrested migration of AHFderived cells. Moreover, Tbx2 and Wnt5a were ectopically activated or downregulated, respectively, in Hand2-null OFT/RV progenitor cells (Fig. 4d) . Experimental misexpression of and Hand1 is redundant with Hand2 38 , consistent with the intact LV in Hand2-null embryos.
Hand1 is also co-expressed in OFT progenitors, but curiously fails to compensate for Hand2 loss in this cell type. The quantitative scRNAseq approach revealed that Hand1 was selectively downregulated in Hand2-null OFT, but not LV, progenitors (Extended Data Fig. 6c ), suggesting distinct spatial regulatory logic and dependence upon Hand2. Thus, Hand2-null OFT progenitors lack Hand1 and Hand2, which may explain the failure of OFT specification.
In this study, we demonstrate the power of scRNAseq to reveal regulatory defects in minor subsets of cells, leading to mechanistic understanding of morphologic developmental defects. The combination of scRNAseq and computational network analyses led to predictions that were experimentally validated regarding the essential function of Hand2 in specifying OFT cells during cardiogenesis. The ability to acquire quantitative and spatial resolution of transcriptomes provided evidence for posteriorization of the AHF progenitors and gene dysregulation resulting in specification and migration defects. Because of the relatively few cells in the heart that were affected in Hand2 mutants, these features remained undiscovered and likely were revealed by our ability to interrogate tens of thousands of cells in the organ temporally. These features of single-cell transcriptomics offer a powerful strategy to more effectively map the mechanisms underlying developmental defects reported in animal models and thereby reveal causes of related congenital anomalies. This is a prerequisite to preventive approaches for birth defects and potential post-natal intervention for ongoing sequelae of human malformations.
Materials and Methods

Mice:
All protocols concerning animal use were approved by the IACUC at the University of California 
Single-cell transcriptome library preparation and sequencing
Libraries were prepared according to the manufacturer's instructions using the Chromium Single specifications. All libraries were sequenced to a mean read depth of at least 50,000 total aligned reads per cell.
Processing of raw sequencing reads
Raw sequencing reads were processed using the Cell Ranger v1.3.1 pipeline from 10X Genomics.
Briefly, reads were demultiplexed, aligned to the mouse mm10 genome and UMI counts were quantified per gene per cell to generate a gene-barcode matrix. Data from multiple samples (WT only analysis, WT/HET/ Hand2-null analysis) were aggregated and normalized to the same sequencing depth, resulting in a combined gene-barcode matrix of all samples.
Cell filtering and cell-type clustering analysis
We 11 . Cells were normalized for genes expressed per cell and total expression, and cell cycle stage, then multiplied by a scale factor of 10,000 and log-transformed.
We used regression to eliminate technical variability due to the number of genes detected, day of library preparation, and stage of the cell cycle. Significant PCs were used for downstream graphbased, semi-unsupervised clustering into distinct populations and used t-distributed Stochastic Neighbor Embedding (tSNE) dimensionality reduction was used to project these populations in a 2D plot. To identify marker genes, the resulting clusters were compared pairwise for differential gene expression using the Likelihood-ratio test for single-cell gene expression (FindAllMarkers function). We excluded endoderm-and ectoderm-derived clusters, retaining the cells of mesodermal or neural crest identity for further clustering and analysis. For the WT analysis in Figure 1 , data were processed and reclustered using the single-cell alignment procedure 12 
Prediction of cell fate determinants
Cell fate determinants for OFT and RV from the AHF, and for SV and A from the pSHF were predicted using a modified version of the method that we previously developed 4, 5 . One hundred cells were randomly selected from a parental subpopulation (i.e., AHF or pSHF) and from a corresponding daughter subpopulation (i.e., OFT or RV for AHF, SV or A for pSHF) and the normalized ratio difference (NRD) was computed for all combinations of these 100 cells, yielding 10,000 parent-daughter cell combinations. The NRD was calculated for all pairs of differentially expressed TFs between OFT and RV for the AHF differentiation event, and between SV and A for the pSHF differentiation event and averaged over the 10,000 cell combinations. TF pairs whose mean NRD was more than 0.05 in one lineage direction but less than 0.01 in the other lineage direction were selected. Finally, the TF pairs that resided in the strongly connected component of the GRN were kept as the final candidate cell fate determinants.
Cell trajectory analysis
AHF and OFT/RV progenitors from WT and Hand2-null cells captured at E8.25 were ordered in pseudotime with the Monocle 2 package, as described in the tutorials (http://cole-trapnelllab.github.io/monocle-release/) 32 .The differentially expressed genes between these two clusters, as determined in Seurat, were used as input for temporal ordering of these cells along the differentiation trajectory. We used BEAM, which identifies genes with significant branchdependent expression (adjusted p-value < 1x10 -15 ), to determine the identities of the two lineages diverging from the trajectory branch-point as OFT and RV.
In Situ hybridization experiments
Each in situ hybridization experiment was replicated twice. For whole-mount experiments: deyolked whole embryos were fixed in a 4% formaldehyde solution (ThermoFisher Scientific, CAT# 28906) overnight at 4°C followed by 2X PBST washes and 5-minute incubations in a dehydration series of 25%, 50%, 75% and 100% methanol (Fisher Scientific, CAT# A454-1). At this point embryos were stored in 100% methanol at -20°C until the in situ protocol was initiated. Yolk sac DNA was used for genotyping. The whole-mount in situ assay was adapted from the protocol formulated for whole-mount zebrafish embryos 39 using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, CAT# 323100), with minor modifications (the airdrying step was excluded in our protocol, Protease Plus was used for embryo permeabilization, and the 0.2X SSCT wash step between reagent incubations was reduced to 3X 8 mins). Wholemount embryos were imaged on the Leica M165 fluorescent dissecting scope.
For in situ hybridization experiments performed on embryo sections: embryos were washed 3X in PBS after overnight fixation in 4% formaldehyde and stored in 70% ethanol (VWR, CAT# 89125-186) indefinitely until embedding. Embryos were embedded in Histogel (Thermo Scientific, CAT# R904012) and paraffin processed using standard protocols and embedded for transverse sectioning. Tissue slices were serially sectioned at 5 μm intervals, mounted on slides and stored at room temperature until initiation of the RNAscope protocol for paraffin embedded sections (User manual catalog number 322452-USM).
Catalog numbers for RNAscope probes used in this study: Cck, 402271-C3; Cited1, 432471;
Hand1, 429651-C2; Irx4, 504831; Pln, 506241; Rgs5, 430181; Sema3c, 441441-C3; Tdgf1, 506411; Tbx5, 519581-C2 and Upp1, 504841-C2.
Data availability
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